Eya proteins are essential coactivators of the Six family of homeobox transcription factors and also contain a unique protein tyrosine phosphatase activity, belonging to the haloacid dehalogenase family of phosphatases. The phosphatase activity of Eya is important for a subset of Six1-mediated transcription, making this a unique type of transcriptional control. It is also responsible for directing cells to the repair instead of apoptosis pathway upon DNA damage. Furthermore, the phosphatase activity of Eya is critical for transformation, migration, invasion, and metastasis of breast cancer cells. Thus, inhibitors of the Eya phosphatase activity may be antitumorigenic and antimetastatic, as well as sensitize cancer cells to DNA damageinducing therapies. In this article, we identified a previously unknown chemical series using high-throughput screening that inhibits the Eya2 phosphatase activity with IC 50 s ranging from 1.8 to 79 µM. Compound activity was confirmed using an alternative malachite green assay and H2AX, a known Eya substrate. Importantly, these Eya2 phosphatase inhibitors show specificity and do not significantly inhibit several other cellular phosphatases. Our studies identify the first selective Eya2 phosphatase inhibitors that can potentially be developed into chemical probes for functional studies of Eya phosphatase or into anticancer drugs in the future.
Introduction
The Eya proteins are mammalian homologues of the Drosophila Eyes Absent genes and were first identified as essential coactivators of members of the Six family of transcription factors, including Six1. The Six1 homeoprotein is essential for the development of many organs, including the muscle, kidney, olfactory epithelium, and inner ear. 1 Six1 is typically downregulated after organ development is complete, and its expression level is low or absent in most adult tissues. However, Six1 is overexpressed in numerous cancers, such as breast, ovarian, cervical, and hepatocellular carcinomas, as well as rhabdomyosarcomas, Wilms tumors, and leukemias. 1, 2 Six1 expression has been linked to transformation, tumor growth, and metastasis in multiple tumor types, including breast cancer. 1, [3] [4] [5] Experimentally lowering Six1 levels significantly decreases cancer cell proliferation 1 and metastasis 1, 5 in different cancer models. Given that Six1 does not have an intrinsic activation or repression domain, it requires coactivators such as the Eya family of proteins to mediate its transcriptional activity, both in normal development 1, 6 and in various disease processes. 1, 6, 7 Eya proteins have been linked to many types of cancer in which Six1 is overexpressed. 1, 8, 9 Examination of the Wang and van de Vijver public breast cancer microarray data sets 10, 11 demonstrated that overexpression of Six1 and Eya together significantly predict shortened time to relapse and metastasis and shortened survival, whereas each gene individually does not. 9 Furthermore, Eya2 knockdown in Six1-overexpressing MCF7 cells inhibits the ability of Six1 to induce transforming growth factor (TGF)-β signaling, epithelial-mesenchymal transition, and tumor-initiating cell characteristics, properties that are associated with Six1-induced tumorigenesis and metastasis. 9 These data provide strong support that Six1 and Eya2 cooperate to induce tumorigenic and metastatic properties.
The Eya proteins have a C-terminal Eya domain (ED) 12 that contains signature motifs of the haloacid dehalogenase (HAD) hydrolases, a diverse collection of enzymes including phosphatases. 1, 12, 13 Eya proteins and other HAD family of phosphatases use an Asp as their active site residue instead of the more commonly used Cys in cellular phosphatases.
14 A few other HAD phosphatases (e.g., Scp1 and chronophin) target proteins, but most HAD phosphatases do not have protein phosphatase activity. 12 All other known HAD protein phosphatases are Ser/Thr phosphatases (such as Scp1), whereas the Eya domain of Eya targets phosphorylates Tyr. 15 Recent evidence demonstrates that mouse Eya proteins can use their intrinsic phosphatase activity to switch the Six1 transcriptional complex from a repressor to an activator complex for some Six1-induced genes, 1 although the mechanism of this switch remains unclear. In Drosophila, although the phosphatase activity of Eya is not globally required for the ability of Six1 to induce transcription, it is required to induce transcription of a subset of genes. 16 The Eya proteins therefore represent the first transcription factor with intrinsic phosphatase activity that modulates transcriptional complexes. 1, 12, 13 Importantly, using two different breast cancer cell lines and both overexpression and knockdown systems, as well as examining multiple different Eyas, Pandey and colleagues 8 demonstrated that Eya proteins, particularly their Tyr phosphatase activity, are critical for transformation, migration, invasion, and metastasis of breast cancer cells, although the specific mechanism by which Eya's phosphatase activity induces the metastatic phenotype is still unclear.
In addition to its role in Six-mediated transcription, Eya proteins have recently been shown to play a role in DNA repair. In response to DNA damage, Eya proteins dephosphorylate a phospho-Tyr on histone variant H2AX, and this dephosphorylation is critical for directing cells to the repair instead of the apoptotic pathway. 15, 17 Thus, knockdown of Eya proteins leads to a significant increase in apoptotic cells in response to hypoxia or ionizing radiation. 15, 17 Currently, about half of all people with cancer are treated with radiation therapy, either alone or with other cancer treatment, to kill cancer cells and reduce tumor burden. Selectively sensitizing tumor tissue by engaging the apoptotic program of a cell is of great interest to the field of radiation oncology. 18 It is foreseeable that inhibitors of Eya's phosphatase activity may greatly increase the efficiency of radiation therapy or of any DNA-damaging related therapy (many cancer therapies use a combination of both) in cancers that are known to express Eya, including breast cancers, Wilms tumor, and ovarian carcinomas. 1, 9 Although it has traditionally been difficult to identify specific phosphatase inhibitors, the fact that Eya proteins belong to the HAD family of protein phosphatases that use an Asp instead of the more commonly used Cys as their active site residue provides a unique opportunity to potentially identify specific Eya phosphatase inhibitors. We report here the identification and characterization of a previously unknown chemical series that specifically inhibits the Eya2 phosphatase. These novel compounds can be used by the research community as chemical probes to further study the function of Eya's phosphatase activity and its role in Six1-mediated breast tumorigenesis and metastasis. There is also the exciting possibility of developing this series of compounds into potential anticancer drugs in the future.
Materials and Methods

Protein Expression and Purification
Human Eya2 ED (residues 253-538) that contains the Eya phosphatase activity was subcloned into the pGEX-6P1 vector (GE Healthcare, Piscataway, NJ) using the BamHI and XhoI sites and confirmed by DNA sequencing. Plasmids containing these constructs were transformed into Escherichia coli strain XA90. Cells were grown until OD 600 reached 0.8 to 1.0, and protein expression was induced at 20 °C with 0.2 mM isopropyl-β-D-thio-galactoside (IPTG) for 20 h. Cell pellets were lysed by sonication in buffer L (50 mM Tris [pH 7.5], 250 mM NaCl, 5% glycerol, 1 mM dithiothreitol [DTT]) containing protease inhibitors pepstatin A, leupeptin, and phenylmethylsulfonyl fluoride (PMSF). Lysates were cleared via centrifugation (2 × 45 min at 18 000 g). The supernatant containing GST-Eya2 ED proteins was loaded via gravity on glutathione-Sepharose 4B resin (GE Healthcare) and thoroughly washed with buffer L. ED protein was cleaved from the glutathione resin with PreScission protease at 4 °C for 16 h, eluted, and concentrated. ED protein was further purified on a Superdex 200 size exclusion column (GE Healthcare) using buffer L. Purified protein was aliquoted and stored at -80 °C.
OMFP-Based Eya Phosphatase Assay
The activity of ED was measured in 50-µL reactions in black, 96-well, half-volume microplates (Greiner Bio-One, Monroe, NC) with OMFP (3-O-methylfluorescein phosphate; SigmaAldrich, St. Louis, MO) as the substrate. Upon dephosphorylation, OMFP was converted to a fluorescent product, OMF. Enzyme and substrate concentrations were optimized to have a linear response during the assay, consume less than 15% of substrate after 1 h, and have substrate concentration below the K m . The final assay condition was 50 mM 2-(N-morpholino) ethanesulfonic acid (MES; pH 6.5), 50 mM NaCl, 5 µM MgCl 2 , 0.05% bovine serum albumin (BSA), and 1 mM DTT, and the reaction contained 50 nM Eya2 ED and 100 µM OMFP. Reactions were started by the addition of OMFP and were continued for 1 h at room temperature and terminated by the addition of 75 mM EDTA. ED is stable and retains its activity after at least an hour at room temperature (data not shown); therefore, room temperature was chosen as the reaction temperature for convenience. Fluorescence intensity was measured at 485/515 nm excitation/emission on a Fluoromax-3 plate reader (Horiba Jobin Yvon, Bensheim, Germany).
Miniaturized Eya Phosphatase Assay for High-Throughput Screening
The OMFP-based Eya2 ED phosphatase assay was miniaturized and optimized in 1536-well black assay plates (Greiner Bio-one). Then, 1.5 µL/well of 200 nM Eya2 ED was incubated with or without 23 nL compound or DMSO control for 10 min followed by an addition of 1.5 µL/well of 50 µM OMFP and incubated for 30 min. The resulting fluorescence intensity was measured on a Viewlux plate reader (PerkinElmer, Waltham, MA) with an excitation wavelength of 485 nm and emission of 525 nm. Since there were no Eya2 inhibitors available during the assay development, we used EGTA as a positive control to access the assay quality.
Compound Library and Instruments for Liquid Handling
The LOPAC library (Library of Pharmacologically Active Compounds; Sigma-Aldrich) consisting of 1280 compounds was used for the assay validation. The collection of 331 609 compounds for the primary screen was provided by the National Institute of Health's (NIH's) Molecular Library Initiative (http://pubchem.ncbi.nlm.nih.gov/). All compounds were dissolved in DMSO as 10-mM stock solutions. All compounds were serially diluted at a 1:5 ratio in DMSO in 384-well plates for four concentrations using a CyBi-Well dispensing station with a 384-well head (CyBio, Jena, Germany) and then reformatted into 1536-well plates at 7 µL/well. An automated dispensing station (BioRAPTR FRD; Beckman Coulter, Brea, CA) was used to dispense reagents into 1536-well plates at volumes of 1 to 3 µL/well. Compounds were transferred to 1536-well assay plates in 23 nL/well using an automated pin-tool station (Kalypsys, San Diego, CA). The purity of all compounds in the library was greater than 98% as analyzed by high-performance liquid chromatography (HPLC). Further analyses by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy and mass spectrometry confirmed their structural identity. In addition, the bioactivity of 10-mM stock samples recapitulates in the primary assay after several months of storage. One of the key compounds (MLS000544460) has been incubated with pH 4, 7, and 10 buffer and is stable over extended periods of time.
High-Throughput Screening Data Analysis
The primary screening data were analyzed as previously described. 19 IC 50 values were calculated from the fluorescence signal intensity using the Prism software (GraphPad Software, La Jolla, CA). The Z′ factor index of assay quality control 20 was defined as 1 -(3*SSR/R), where SSR is the summation of the standard deviation of positive inhibition controls and negative inhibition controls, and R is the mean of the positive controls minus the mean of negative controls. All values are expressed as mean ± SD.
pH2AX-Based Eya Phosphatase Assay
pH2AX phosphatase assays (50 µL) were carried out in transparent, 96-well, half-area microplates (Greiner BioOne). The assay was performed at pH 6.0 in 50 mM MES, 50 mM NaCl, 5 µM MgCl 2 , 0.05% BSA, and 1 mM DTT and contained 3.9 µM ED and 50 µM pH2AX peptide (KATQASQEpY; Abgent, San Diego, CA). Because of the lower sensitivity of the malachite green assay compared with the OMFP-based phosphatase assay, a much higher enzyme concentration (3.9 µM) was used to achieve sufficient assay signal/background. Reactions were allowed to proceed for 40 min at 37 °C and terminated by the addition of 100 µL malachite green solution (Millipore, Billerica, MA). The free phosphate released from dephosphorylation forms a green complex with malachite green and molybdate that can be monitored using absorbance at 620 nm. After a 20-min incubation at room temperature, the absorbance was measured using a Spectramax PLUS 384 plate reader (Molecular Devices, Sunnyvale, CA).
To evaluate the effect of a compound on ED's phosphatase activity, various concentrations of the compound were incubated with ED for 10 min prior to the addition of pH2AX that starts the reaction. Dose-response curves were generated and IC 50 values calculated using Prism.
Phosphatase Assays of PTP1B, PPM1A, and Scp1
The phosphatase assay of PTP1B was conducted in 30 mM Tris (pH 7.5), 75 mM NaCl, 1.25 mM MgCl 2 , 1 mM EDTA, 0.033% BSA, and 1 mM DTT using 20 nM PTP1B (R&D Systems, Minneapolis, MN) and 100 µM OMFP as the substrate. To evaluate the effect of a compound on PTP1B's phosphatase activity, various concentrations of the compound were incubated with PTP1B for 10 min prior to the addition of OMFP to start the reaction. Reactions were in 50-µL volumes and were set up in black, 96-well, half-area microplates using an automated liquid-handling system (Janus; PerkinElmer) and bulk liquid dispenser (BioTek, Winnoski, VT). Reactions proceeded for 60 min at room temperature, followed by the addition of Na 3 VO 4 to terminate the reaction. Fluorescence intensity was measured using an EnVision plate reader (PerkinElmer).
The phosphatase assay of PPM1A (ProSpec, Rehovot, Israel) was conducted in 50 mM Tris (pH 7.5), 0.1 mM EDTA, 0.5 mM DTT, and 1.25 mM MgCl 2 using 10.7 nM PPM1A and 100 µM OMFP. The effect of compounds on PPM1A's phosphatase activity was evaluated similarly as for PTP1B, except that EDTA was used to terminate the reaction.
The phosphatase assay of Scp1 (a gift from Dr. Jessie Zhang, University of Texas at Austin) was conducted in 50 mM MES (pH 5.5), 25 mM NaCl, and 1.25 mM MgCl 2 using 120 nM Scp1 and 100 µM OMFP. The effect of compounds on Scp1's phosphatase activity was evaluated similarly as for PTP1B, except that EDTA was used to terminate the reaction.
Eya2 Kinetic Experiments
Due to the solubility limitations and relatively high K m values of the OMFP substrate, we developed a second fluorogenic Eya2 phosphatase assay using a different substrate, fluorescein diphosphate (FDP; Anaspec, Fremont, CA), to measure compounds' effect on enzyme kinetics. All kinetic experiments were performed in 384 black medium binding plates (Greiner Bio-One). Using the FDP substrate, we were able to achieve an FDP stock solution of 100 mM in Eya2 ED buffer, therefore allowing us to test Eya2 kinetic experiments at the appropriate substrate versus compound concentrations to calculate an accurate K m value and to generate a Lineweaver-Burke plot for Eya2 ED. Briefly, 2.5 µL of compound (MLS000544460) at 100, 40, 20, 10, 5, or 0 µM was incubated with 2.5 µL of 2 µM Eya2 ED for 10 min. Subsequently, 5 µL FDP substrate at 20, 12, 7.2, 4.3, 2.6, 1.6, 1, or 0 mM was added, and plates were incubated for an additional 30 min before being measured on the Viewlux plate reader with excitation wavelength of 485 nm and emission wavelength of 525 nm. Kinetic analysis was performed using GraphPad Prism 4 (GraphPad Software).
Results
Known phosphatase inhibitors do not significantly inhibit
Eya2's phosphatase activity. We chose the catalytic domain of human Eya2 (ED), which contains the Tyr phosphatase activity, for our studies. This choice in part is because the full-length human Eya2 is unstable and cannot be expressed and purified from E. coli. In addition, Eya2 has an N-terminal Ser/Thr phosphatase domain with an unrelated and largely uncharacterized function. 21 Carrying out the high-throughput screening (HTS) using just the ED avoids complication from this additional phosphatase domain at the N-terminus of Eya2. We expressed the human Eya2 ED in E. coli as a glutathione S-transferase (GST)-fusion protein. The protein was purified on glutathione resin, cleaved off the GST tag, and further purified using a Superdex-200 column. Eya2 ED elutes as a monomer on the Superdex-200 column at ~30 kDa (Fig. 1A) . We can obtain greater than 6 mg purified ED per liter of bacterial culture at a purity of >99% (Fig. 1A) .
A phosphatase assay was then developed using purified human Eya2 ED and the small molecule OMFP as a substrate. OMFP is dephosphorylated to yield a fluorescent product (3-O-methylfluorescein) that can be detected at 485/515-nm excitation/emission wavelengths. Like other HAD family members, EDs are Mg 2+ -dependent phosphatases, 12, 13 and EDTA and EGTA can both inhibit the phosphatase activity of ED. Figure 1B demonstrates the inhibition of the ED phosphatase activity by EGTA with an IC 50 of 65 µM. Therefore, we used either EGTA or EDTA as positive controls for HTS assay development and screening. Furthermore, DMSO tolerance tests demonstrated that the phosphatase activity of Eya2 ED is not affected by up to 10% DMSO concentration (Fig. 1C) .
We reasoned that existing phosphatase inhibitors would likely not inhibit the phosphatase activity of ED because the ED of Eya is a unique HAD phosphatase, 22 and there are no known specific HAD phosphatase inhibitors. Thus, we tested nine common phosphatase inhibitors against the Eya2 ED, including okadaic acid (inhibitor of Ser/Thr phosphatase PP2A), L-phenylalanine (intestinal alkaline phosphatase inhibitor), cyclosporine A (calcineurin inhibitor through binding to cyclophilin), 1,10-phenanthroline, phenylarsine oxide (protein tyrosine phosphatase inhibitor), NaF (phosphoserine or threonine inhibitor), Na Fig. 1D) . These data suggest that known phosphatase inhibitors do not significantly inhibit Eya's phosphatase activity. This, in combination with the functional significance of Eya's phosphatase activity in tumorigenesis, metastasis, and DNA repair, prompted us to carry out a large-scale HTS to identify potent and specific inhibitors of the Eya phosphatase activity.
The OMFP-based phosphatase assay is suitable for HTS. The OMFP-based phosphatase assay was optimized and miniaturized in a 1536-well format for adaptation to HTS. The Eya2 enzyme concentration was first titrated in the assay using OMFP as a substrate. The enzyme activity linearly increased with the increase of enzyme concentration (data not shown). To minimize the consumption of enzyme in later large-scale primary screening, 100 nM Eya2 concentration was selected, which produced a sufficient assay signal. The signal-to-basal ratio at this enzyme concentration was around eightfold, which reproduced in multiple experiments. In the substrate concentration titration experiment, we found that the solubility of the OMFP substrate in the assay buffer was limited, and thus the plateau was not reached due to insufficiently high substrate concentrations (data not shown). The OMFP substrate dose-response curve was still in the linear portion at the highest available substrate concentration of 1.25 mM. On the basis of these results, we selected 25 µM OMFP concentration for further experiments that yielded a sufficient assay signal window.
The OMFP-based Eya2 phosphatase assay was miniaturized into a 3-µL/well assay in the 1536-well plate format for HTS. A DMSO plate was first used to assess the assay performance. The signal-to-basal ratio was 7.75, and the Z′ factor 20 was 0.7 ( Fig. 2A) , indicating a robust assay that is suitable for HTS. We then carried out a pilot screen using the LOPAC library of 1280 compounds with pharmacologically known activities (Sigma-Aldrich) as well as a ~2800-compound approved drug set (NIH Chemical Genomics Center [NCGC] collection). Each compound was screened in a seven-concentration titration ranging from 0.12 to 76.6 µM as previously described. 23 The average signal-to-basal ratio was sevenfold, and the Z factor was 0.7 ( Fig. 2B) , similar to what was observed in the DMSO plate test. After eliminating obvious metal chelators, three compounds were identified as primary hits with a hit selection criterion of IC 50 <35 µM and maximal inhibition >80 % (Fig. 2C,D) . The hit rate from this test screen was 0.55%, which is an acceptable rate for HTS. Furthermore, these pilot compounds displayed identical potencies between low-throughput and high-throughput assay formats (data not shown).
A large-scale primary screen identified a class of structurally related initial hits. We next carried out a large-scale screen of 334 695 compounds from the MLPCN (Molecular Libraries Probe Centers Network) at four different concentrations ranging from 0.61 to 76.7 µM in a quantitative HTS format. 23 Dose responses were assigned to different curve classes to evaluate the results of quantitative HTS (qHTS). 23 Curve classes 1.1 and 2.1 both demonstrate high compound efficacy with either complete (class 1.1) or partial (class 2.1) dose-response curves. Compounds in these two curve classes have the highest chances of reproducing and are typically considered the most promising compounds from a primary screen. A few compounds increased the phosphatase activity in the primary screen and may warrant further investigation as possible activators of the Eya2 phosphatase. In this study, we decided to focus on compounds that inhibit the Eya2 phosphatase activity, with the hope that these may be promising leads for anticancer drugs. The overall hit rate of the primary screen was low, and only three inhibitory compounds belonged to class 1.1 and seven belonged to class 2.1 ( Table 1) . However, all three class 1.1 compounds, one class 2.1 compound, and four compounds from other curve classes clearly belonged to the same structural class characterized by an N-arylidenebenzohydrazide core (Fig. 3A) . We decided to focus on this class of compounds for further characterization.
A 12-point dose-response study was then carried out using re-sourced material and validated all eight compounds as inhibitors of ED's phosphatase activity in the OMFPbased phosphatase assay (Fig. 3B) . We also carried out the inhibition assay under high Mg 2+ (30 µM to 1.25 mM) to exclude metal chelators, in the absence of DTT to remove nonspecific covalent modifiers, and by adding compounds immediately before plate reading to rule out quenchers that interfere with readout of the assay (data not shown). All eight compounds passed these false-positive tests and were thus considered highly promising primary screen hits.
Following our initial analysis, we identified four other commercially available compounds that have the same core structure as this class of initial hits (Fig. 3C) . We tested these compounds using the OMFP-based phosphatase assay (Fig. 3D) . Compound NCGC00241225 was the most active with an IC 50 of 3.5 µM. Compound NCGC00241223 had an IC 50 of 79.1 µM, whereas compounds NCGC00241224 and NCGC00241226 were essentially inactive.
The best compounds from this series are active in a pH2AX-based secondary phosphatase assay. To further confirm that this class of compounds contains authentic inhibitors of the Eya2 phosphatase, we developed a malachite green-based secondary phosphatase assay using phosphorylated H2AX peptide (pH2AX), a known physiological substrate of the Eya phosphatase. 15, 17 In this assay, inorganic phosphate released from the pH2AX peptide upon dephosphorylation by ED formed a colored complex with malachite green and molybdate, of which the absorbance could be measured at 620 nm. We demonstrate that two of the class 1.1 compounds (another class 1.1 compound was not tested due to limited availability of the compound) and another structurally highly related compound (NCGC00241225) were active in the pH2AX assay with IC 50 in the range of 16.8 to 45.2 µM (Fig. 4) . Several other compounds with higher IC 50 s in the OMFP assay (Fig. 3B,D) did not significantly inhibit ED's phosphatase activity in the pH2AX assay (Fig.  4) , maintaining the rank order of IC 50 s observed in the primary OMFP assay (Fig. 3) .
In addition, we tested the three hits from the pilot screen, and two compounds (NCGC00181091 and NCGC00093729) were active in the pH2AX-based phosphatase assay with IC 50 s of 32.0 and 18.3 µM, respectively (Fig. 2E) . These compounds provide additional chemical scaffold for future optimization.
The N-arylidenebenzohydrazide compounds do not inhibit other cellular phosphatases. A counterscreen was then carried out on the most potent compounds to evaluate their specificity against a number of other cellular phosphatases. The other phosphatases examined include PTP1B, a prototypic protein tyrosine phosphatase that does not require Mg 2+ for catalytic activity; PPM1A, a Ser/Thr phosphatase that, like Eya2, requires Mg 2+ for catalytic function 24 ; and Scp1, another HAD family protein phosphatase. 25, 26 Scp1 is an Mg 2+ -dependent phosphatase that, like Eya2, uses a catalytic aspartic acid as the nucleophile in the dephosphorylation reaction. However, Scp1 dephosphorylates phosphoserine, unlike Eya2, the only known HAD member that dephosphorylates phosphotyrosine. We tested the effect of compounds MLS000700592, MLS000544460, and NCGC00241225 on the activity of PTP1B, PPM1A, and Scp1 using an OMFPbased phosphatase assay. The assay conditions for each enzyme were derived from previous reports. [24] [25] [26] This inhibitor series did not significantly inhibit the above phosphatases tested (Fig. 5A-C) , demonstrating specificity against the Eya2 phosphatase.
Enzyme kinetic analyses suggest that the N-arylidenebenzohydrazide compounds are mixed-mode inhibitors. We further carried out kinetic competition experiments using the more soluble FDP as a substrate (Fig. 6) . The classical Lineweaver-Burke analysis of the inhibitor suggests a mixedmode behavior, between competitive and noncompetitive inhibition, indicating that the enzyme is able to partially accommodate the inhibitor and the substrate at the same time.
Discussion
Inhibitors of the Eya phosphatase activity can potentially inhibit breast tumorigenesis/metastasis and/or serve as sensitizers for therapeutics that act by inducing DNA damage. Although many phosphatases have been described as attractive targets for drug discovery, 27 ,28 the difficulty in obtaining small molecules that inhibit phosphatases in a selective manner is well known and is mostly due to the high degree of similarity between the catalytic domains of the enzymes. The Eya proteins, as novel HAD family phosphatases that target phospho-Tyr, offer us a unique opportunity to potentially identify specific Eya phosphatase inhibitors. To that end, we developed a fluorescent HTS phosphatase assay using the Eya2 ED and small molecule OMFP as a substrate. It is standard practice to use artificial, smallmolecule substrates for HTS phosphatase assays since these assays are sensitive, robust, and inexpensive compared with assays using phosphorylated peptide or protein substrates. 29 The catalytic domain of Eya2 (ED) was chosen over fulllength protein due to its ease of purification as full-length Eya2 is not stable. In addition, using only the ED also avoids the complication of the additional Ser/Thr phosphatase domain at the N-terminus of Eya2. 21 We carried out a qHTS of more than 330 000 compounds that allowed for the identification of a series of small-molecule inhibitors of Eya2 phosphatases. Analogues within this chemotype ranged from no activity to low micromolar IC 50 s, indicating an inherent structure-activity relationship (SAR) within the series. For example, the benzohydrazide substitution was tolerated in the meta position but not in the ortho position. The furanyl-2-thio-2-pyridine substituent of the N-arylidene functional group provided best activity, although other benzylidene substituents seemed to be tolerated.
Furthermore, we carried out an orthogonal malachite green-based phosphatase assay monitoring phosphate release from the pH2AX peptide substrate, which confirmed the qHTS results. There was a reduction of IC 50 values in the pH2AX assay compared with the OMFP assay, which may be a consequence of the different substrate used in the assays. Our specificity assays showed that these inhibitors do not significantly inhibit several other cellular phosphatases, including a prototypic protein tyrosine phosphatase PTP1B, an Mg 2+ -dependent Ser/Thr phosphatase PPM1A, and a Ser/Thr HAD family protein phosphatase Scp1. Kinetic studies reveal that the nature of this inhibition may be mixed mode. We plan to further evaluate whether these compounds inhibit the transformation, migration, and invasion properties of breast cancer cells and whether these compounds inhibit DNA repair mediated by H2AX under DNA-damaging conditions. We also plan to explore the binding mechanism of this series of inhibitors and carry out SAR studies and further optimize these compounds to improve potency and specificity.
It is worth noting that Park et al. 30 recently carried out a virtual screening using the crystal structure of the Eya2 ED and identified seven compounds with an IC 50 ranging from 4.4 to 66.2 µM in a fluorescent phosphatase assay using small molecule 6,8-difluoro-4-methylumberlliferyl phosphate (DIFMUP) as a substrate. These compounds were proposed to bind to the active site of Eya and chelate the active site Mg 2+ , although the specificity of these compounds against Eya has not been assessed. In general, efforts from our laboratories and others devoted to identifying potent and specific inhibitors of the Eya phosphatase may generate chemical probes to study the function of Eya phosphatase and one day lead to a new approach in the treatment of cancer.
